A new plasma anemometer based on AC glow discharge is designed in this article. Firstly, theoretical analysis of plasma anemometer working principle is introduced to prove the feasibility of the experimental measurement method. Then the experiments are carried out to study the effects of different parameters on the static discharge characteristics of the plasma anemometer system, by which the system optimization methods are obtained. Finally, several groups of appropriate parameters are selected to build the plasma anemometer system based on resistance capacitance coupling negative feedback AC glow discharge, and different airflow speeds are applied to obtain the achievable velocity measurement range. The results show that there is a linear relationship between airflow velocity and discharge current in an allowable error range, which can be applied for airflow velocity measurement. Negative feedback coupling module, which is composed of the coupling resistance and the coupling capacitance, has good effects on improving the system stability. The measurement range of the airflow velocity is significantly increased when the electrode gap is 3 mm, coupling resistance is 470 Ω, and coupling capacitance is 220 pF.
Introduction
Airflow velocity measurement technology is a long-studied subject, and it has been widely applied in many fields, such as aviation, spaceflight, meteorology, and military [1] . Due to the strict requirements of the traditional anemometers for measuring environment, these anemometers cannot measure the airflow velocity accurately and even cannot work in the harsh environment. Although the rotor or cup type mechanical anemometers can measure airflow from different directions, big size and poor accuracy limit their developments [2] . Pitot tube anemometers have better accuracy for measuring high airflow velocity and are not affected by air pollution; however large size and bad accuracy for low speed measurements are main defects [3] . The piezoelectric anemometers also can measure airflow from different directions; however, the anemometers are easily affected by temperature and even fail to work in high temperature environment [4] . The above anemometers all have some limitations, so new measurement technology which can measure airflow velocity in harsh environment and meet different measurement requirements is desired. And then a plasma airflow velocity measurement method based on gas discharge emerged.
The concept of anemometer based on gas discharge can be traced back to the last century; it was firstly presented through the relationship between voltage, current, and wind speed in gas discharge test by Lindvall [5] . A German research team inspired by the work of Lindvall applied gas discharge to measure turbulence and ultimately achieved success in 1941. In the following three years, relevant experimental data was summarized well by Fucks, and some airflow velocity measurement rules based on gas discharge were obtained [6] . A low noise DC glow discharge anemometer was designed successfully by Mettler in 1949 , and it was applied to measure the 1.6 Ma supersonic flow field and obtained the good effect [7] . Corona discharge was employed to measure airflow velocity by Werner and Geronime, which made good achievement in 1953 [8] . With the rapid development of electronic technology and the researches on gas discharge, the plasma anemometer based on glow discharge designed by Vrebalovich was continually improved by Matlis and Corke after 2003. The frequency of the discharge power supply was increased, and the voltage of the discharge power supply was decreased, which greatly reduced the power required by the glow discharge and the damage to the plate. The biggest progress is mainly in two aspects: first, the measuring probe reaching m level through adopting MEMS (microelectromechanical system) manufacturing technology, which reduced the effect of the probe on the airflow field, and the sensor had better resolution; second, applying the constant current glow discharge system for error control and using the computer to collect discharge signal, process the data, and control current of the discharge circuit, which improved the measuring range and accuracy of system [9] [10] [11] [12] [13] [14] [15] [16] .
There are exactly many researches on discharge or plasma anemometers for decades; here, only three typical anemometers based on gas discharge are introduced as follows. In 1985, in order to observe stratospheric turbulence, [17] presented a glow-discharge ionic anemometer based on glow discharge. The anemometer has two mesh electrodes, and the third electrode is applied to collect the ions interacting with airflow. The ion collector of the anemometer is partitioned into four insulated segments. When glow discharge happens and there is no airflow, equal ion currents flow into the four segments.
When the airflow appears, the ions will drift downstream and the partial currents flowing into the four segments will be different from each other. The glow discharge between mesh electrodes is stable under pressures of 10-30 Torr; therefore, the anemometer can only measure weak flows of low-pressure gases, which greatly limits its application. In 2011, [9] introduced a constant current plasma anemometer for measuring the airflow velocity from subsonic to hypersonic. By keeping the discharge current constant, the airflow velocity could be obtained by measuring discharge gap voltage. In order to keep the discharge current constant, an active closed-loop feedback controller has been added to the plasma anemometer system. Although the measuring method is advanced, the constant current control brings many difficulties and the cost improvements. In 2015, [1] presented a DC planar ionic anemometer for measuring the airflow velocity of boundarylayers near a surface; the anemometer includes two symmetrical cathodes and one anode with a sharp tip. When DC voltage is applied to electrodes, the ions will be attracted symmetrically to the two cathodes. If there is no airflow, the currents of two symmetrical cathodes are the same. When the airflow appears, the downstream electrode can receive more ions than the upstream electrode. Although the anemometer has high accuracy, the applied high DC voltage would cause great damage to the electrodes and is hard to generate stable glow discharge. Therefore, it cannot measure airflow for a long time and its measurement range of airflow velocity is limited.
The presented plasma anemometer has been improved greatly in many aspects; it can not only operate continually in standard atmospheric air but also greatly decrease the realization costs of the system. The working principle, design, parameters effects studies, and airflow measurement experiments of the presented plasma anemometer will be illustrated in the following sections.
Theoretical Analysis of Plasma Anemometer Working Principle
The theoretical analysis of DC plasma anemometer was firstly proposed by Mettler in 1949 [7] , which is also applicable to AC plasma anemometer. The plasma generator structure of the plasma anemometer is shown in Figure 1 , where is the electrode gap and ℎ is the electrode diameter. Between two parallel electrodes, when the gas is punctured by high AC voltage, then a relatively steady plasma region is generated. If there is no airflow, the total number of electrons leaving from cm 2 /s of cathode can be expressed as
where is the constant number of electrons leaving from cm 2 /s of cathode, which is caused by constant power voltage, is proportional constant depending on the energy of the positive ions, the field strength at the cathode, the cathode material, and the condition of cathode surface, and is the number of positive ions arriving at cm 2 /s of cathode The number of new charged particles produced in any length of plasma area per second is as follows:
where ( ) is the number of electrons crossing cm 2 /s at distance and is the Townsend coefficient.
The number of electrons crossing cm 2 /s at a distance can be calculated by
The integral of (2) is
Substituting (3) and (4) into (1),
Journal of Sensors Solving (5), can be calculated as follows:
Then, ( ) can be obtained as follows:
When the airflow is applied to the plasma region, there is angle between -axis and the ion motion path under the combined action of airflow and electric field. Figure 2 is motion diagram of charged particles under airflow.
where V is the speed of airflow applied between two electrodes, is the mobility of the ions, is the field strength, and is the velocity of positive ions in the direction. When the airflow appears, (1) is took place by
As shown in Figure 2 , electrons are still moving alongaxis, so the number of electrons crossing cm 2 /s at ( , 1 ) can be calculated by
The total number of new ions produced in the area ABCD in Figure 2 is
Substituting (11) into (9),
From Figure 2 , the following equations can be obtained:
Substituting (13) into (12),
It can be found that the total number ( ) of electrons leaving from cm 2 /s of cathode is correlated to airflow velocity by (14) , and circuit current is also related to the number of discharged particle arriving at electrodes. Therefore, the change of airflow velocity would result in the circuit current change, which can be used as the measurement principle of plasma anemometer experiments.
When the stable glow discharge happens between two electrodes, the plasma region is mainly composed of electrons and ions. The positive and negative charges are usually equal, so the plasma region is electrically neutral. When the airflow appears, the direction of airflow is parallel to direction. Due to the fact that the mass of the electron is very small, it will obtain a very large velocity in direction under the effect of the electric field, the airflow effect on electrons moving velocity in direction can be neglected, and the electrons are still moving along direction. However, the mass of the ion is much larger than the electrons, the airflow effect on the ions in direction cannot be neglected, and some ions will escape from the plasma region under the effect of airflow. With the increase of airflow velocity, more ions would escape from the plasma region and cannot arrive at the cathode. Therefore, the velocity change of airflow would also change the circuit current value, and the airflow measuring method of the presented plasma anemometer is feasible.
Design of Plasma Anemometer System

Resistance Capacitance Coupling Negative Feedback Mechanism.
The generation of the discharge plasma is a positive feedback process. When the electrode gap voltage reaches the gas breakdown voltage, the discharge occurs. Electrons frequently collide in the process of moving, that is, the electron avalanche phenomenon. The number of electrons increases rapidly, the discharge current also increases, which causes that a large number of charged particles and the heat to generate, thereby decreasing the electrode gap resistance. However, in a short period of time, the voltage is essentially kept unchanged, so with the decrease of the resistance, discharge current increases further, thereby forming a positive feedback process. The discharge becomes more intense and unstable [18] .
If a suitable negative feedback mechanism can be introduced to suppress the positive feedback process, the atmospheric pressure glow discharge in air can be realized [19] . Figure 3 is the structure diagram of the plasma anemometer system based on resistance capacitance coupling negative feedback AC glow discharge. Each electrode of the system is connected with a resistance and capacitance . These coupling resistances and capacitances can provide a negative function to control discharge development process effectively, thereby preventing the transition from glow discharge to spark discharge. Under the mediation of the negative feedback mechanism, the rising rate of the discharge current is effectively controlled, which avoids the occurrence of the spark discharge. In the case that the discharge condition has been determined, the discharge mode is determined by the coupling time constant = * , ( = 1 + 2 ) is the loop coupling resistance, and ( = ( 1 * 2 )/( 1 + 2 )) is the loop coupling capacitance. By changing the coupling time constant, the negative feedback mechanism can be employed to realize the glow discharge in the air.
Experimental Device.
The structure diagram of the plasma anemometer system based on resistance capacitance coupling negative feedback AC glow discharge is shown in Figure 3 . The system is mainly composed of power module, negative feedback coupling module, plasma generator, data acquisition module, data processing module, airflow supply module, and digital anemometer. The power module adopts AC voltage source, the power supply device is CTP-2000 K, and the output voltage of the power supply can be adjusted continuously within 0-30 kV, and discharge frequency adjustable range is within 5-20 kHz. The plasma generator is composed of two similar metal probes, the material of the probes is mainly copper, its length is about 3 cm, and diameter is about 0.8 mm. One probe connected with high voltage terminal of power supply device is as anode, and the other connected with low voltage terminal of power supply device is as cathode. The plasma can be generated between two electrodes when the gas discharge happens, discharge distance can be adjusted continuously within 0-5 mm. The negative feedback coupling module composed of coupling resistance and coupling capacitance is utilized to suppress the positive feedback process of the discharge and improve the system stability. The loop coupling resistance = 1 + 2 , and the loop coupling capacitance = ( 1 * 2 )/( 1 + 2 ),
The data acquisition module consists of a sampling resistance, a voltage sensor, and an AD (analogto-digital) conversion circuit. Sampling resistance is 50 Ω, loop current is measured indirectly by measuring voltage variation on sampling resistance, and then electrical signals are converted into digital signals by the AD conversion circuit; finally, the datse transmitted from AD conversion circuit are processed and analyzed by data processing module. Airflow supply module is composed of air compressor, valve, and injector, which could provide adjustable airflow velocity, the range of airflow speed is about 0-150 m/s. Digital anemometer adopted in the experiment is thermal digital anemometer, its measurement range of airflow speed is within 0-30 m/s, and the accuracy of the anemometer is about ±3%. The relationship between airflow velocity and discharge current is calibrated by digital anemometer in atmospheric pressure environment.
The Effects of System Parameters
A stable gas discharge system must be established before carrying out the experimental study of the airflow velocity measurement. Therefore, the effects studies of different parameters on gas discharge are required to obtain the system optimization methods. The parameters effects of electrode gap, coupling capacitance, and coupling resistance on the system stability are discussed in the following sections. All tests are carried out in standard atmospheric pressure air, and all the experimental data are processed by software called Origin.
The Effect of Electrode Gap.
According to the theory of gas breakdown, the breakdown voltage of the uniform electric field is a function of the product of the gas pressure and the discharge gap [20] . During the experiments, the gas pressure is standard atmospheric pressure, so the discharge gap is one of the important parameters which affect the gas discharge. The study shows that when the electrode gap is less than 1 mm and the gas discharge happens between two electrodes, due to the electrode gap is too small, the charged particles produced by gas discharge are continuously and easily bombarded with two electrodes under the driving of the electric field, which leads to the temperature of two electrodes raising rapidly, thereby melting the metal electrodes. However, when the electrode gap is more than 5 mm, due to the fact that the output voltage is limited, gas cannot be punctured by limited output voltage and gas discharge is hard to generate.
In order to research the effect of electrode gap on gas discharge, the coupling resistance is 200 kΩ, the coupling capacitance is 30 pF, and power frequency is 12 kHz. The output voltage is constant, and electrode gaps are 1 mm, 2 mm, 3 mm, 4 mm, and 5 mm, respectively. The waveform of current and gap voltage for different electrode gaps is presented in Figure 4 .
As shown in Figure 4 , electrode gap has a great influence on the discharge current. The difference of electrode gap will affect the peak value of discharge current. The current peaks Journal of Sensors of 1 mm, 2 mm, 3 mm, 4 mm, and 5 mm are 12.5 mA, 11.3 mA, 10.4 mA, 9.6 mA, and 9.5 mA, respectively. With the increase of the electrode gap, the peak value of discharge current decreases; however, when increases to a certain value, the discharge current changes little. This phenomenon can be interpreted as follows: on the one hand, due to the increase of electrode gap, the space electric field is weakened, the energy which electron in the unit distance obtains is reduced, and the discharge current is reduced with weakening of ionization. On the other hand, with the decrease of the discharge current, the voltage on the capacitance 1 , 2 and resistance 1 , 2 would decrease. When the supply voltage is constant, the electrode gap voltage increases will increase the discharge current in turn; although the discharge current is still decreasing, the decreasing rate declines. When the electrode gap is 2-5 mm, the system can realize stable glow discharge.
The Effect of Coupling Capacitance.
The process of producing plasma by gas discharge is a positive feedback process, which can cause the discharge to become more intense. Eventually, the discharge transits to arc discharge or spark discharge. In order to limit the continuous growth of discharge current, the coupling capacitance and coupling resistance are introduced to provide a negative feedback mechanism, which can prevent the transition from glow discharge to arc discharge or spark discharge, thereby realizing stable discharge.
Firstly, the effect of coupling capacitance on the gas discharge is researched. Coupling resistance is 0 Ω, power frequency is 12 kHz, the output voltage is constant, the electrode gap is = 3 mm, and the coupling capacitances are 30 pF, 50 pF, 100 pF, 220 pF, and 470 pF, respectively. The waveform of current and gap voltage for different coupling capacitances is shown in Figure 5 .
As presented in Figure 5 , with the decrease of the coupling capacitance, the peak current decreases, and the gap voltage increases gradually. This phenomenon can be explained by the following circuit principle: when the power frequency is constant, the capacitance is smaller, and the capacitance impedance is greater, which causes the discharge current decreases. When the power supply voltage is constant, the gap voltage increases accordingly with the decrease of discharge current. When the coupling capacitance is reduced to 30 pF, the current waveform changes, and the pulse time of the peak value decreases sharply. This is because the introduction of the coupling capacitance affects the time constant of the circuit, and the time constant of the circuit decreases with the reduction of the coupling capacitance, which enhances the reverse electric field, and the discharge can be extinguished in a relatively short time. Furthermore, the decrease of the coupling capacitance also changes the phase of the discharge current.
The Effect of Coupling
Resistance. In order to study the influence of the coupling resistance on the static discharge characteristics of the plasma anemometer system, the coupling capacitance is 0 pF, the power frequency is 12 kHz, the output voltage is constant, the electrode gap is 3 mm, and the coupling resistances are 470 Ω, 10 kΩ, 100 kΩ, 200 kΩ, and 400 kΩ, respectively. Figure 6 is the waveform of current and gap voltage for different coupling resistances.
As shown in Figure 6 , with the increase of coupling resistance, discharge current amplitude decreases gradually, and the gap voltage increases gradually. This is because the greater the coupling resistance is, the greater the impedance of the circuit is, which causes the discharge current decreases. When power supply voltage is constant, the resistance voltage decreases with the decrease of current, which causes the gap voltage increases. Moreover, the coupling resistance can affect the discharge current waveform. When the coupling resistance is 470 Ω, current waveform is pulse type, and the waveform at the peak is not smooth and there is a sharp pulse. Sharp pulse disappears with the coupling resistance increasing, current pulse width increases gradually, and the waveform is gradually close to the sine wave. When the coupling resistance is increased to 200 kΩ, the difference between discharge current waveform and the sine wave can be ignored.
Airflow Velocity Measurement
The experimental results of different parameters effects show that when the electrode gap is too large, it is difficult to produce gas discharge; however, the electrode gap is too small, which may cause the electrode to melt; the discharge current waveform is more close to sine wave with coupling resistance increasing; however, the coupling resistance is too large, which increases the resistance power loss; when the coupling capacitance is too large, the ability to establish the reverse electric field is weakened, and the discharge stability is weakened, which may cause the discharge transition to arc discharge.
Considering the discharge stability and the electrode safety, five different coupling resistances are selected to carry out airflow velocity measurement experiments: coupling resistances are 0 Ω, 10 Ω, 100 Ω, 200 Ω, and 470 Ω, respectively, coupling capacitance is 220 pF, and the power frequency is 12 kHz. The airflow velocity measurement tests are performed in atmospheric pressure air environment.
Firstly, the experimental platform is built to realize the stable gas discharge, and then, gradually increasing airflow velocity from 0 m/s, the waveform changes of discharge current and gap voltage for different coupling resistances and airflow velocities can be observed by the data processing module. Figure 7 is the chart of airflow velocity measurement experiment, and Figure 8 is the waveform of current and gap voltage for different airflow velocities when coupling resistance is 200 Ω As presented in Figure 8 , the effects of airflow velocity on the current are mainly reflected in the current waveform and discharge current peak. When the airflow velocity is 0 m/s, due to the introduction of coupling capacitance and coupling resistance, the current waveform is close to sine wave. When the airflow velocity is 2.42 m/s, a pulse generates near the current peak, and the pulse width is gradually narrowed with the increase of airflow velocity. When the airflow velocity is 6.93 m/s, discharge is unstable, the current amplitude of each cycle is different, and a small number of white filaments appear between the electrodes. When the velocity is 8.17 m/s, the current waveform is very unstable, the number of white filaments increases, and the discharge current appears a large spike pulse. The conversion of discharge mode from the glow discharge to the spark discharge causes the generation of the pulse. With the increase of airflow velocity, the number of charged particles escaping from the electrodes increases, when the power supply voltage is not enough to sustain the discharge, the discharge is extinguished.
The discharge current waveform of different airflow velocities is not a standard sine waveform, and the current pulse width of different airflow velocities is not consistent. So, the current peak value cannot be used for the calibration of the plasma anemometer. Due to the fact that the effective value of the current is the average value of the gas heating, which can better reflect the current characteristics, the effective value of the current is utilized for the calibration of the system. The effective value is also called root mean square value, so the effective value of the current can be obtained by the following equation:
where rms is the effective value of the discharge current and is the voltage on the sampling resistance , = 50 Ω. Figure 9 is the relationship diagram of airflow velocity and the effective value of the current.
As shown in Figure 9 , the experimental results reveal that the introduction of the negative feedback coupling module improves greatly the stability of plasma anemometer system. Meanwhile, there is a linear relationship between airflow velocity and discharge current, which can be applied for airflow velocity measurement. When the electrode gap is 3 mm, coupling resistance is 470 Ω and coupling capacitance is 220 pF, the range of airflow velocity measurement has a great improvement, compared with the system without the negative feedback coupling module, and the system is optimized obviously and measurement range of airflow velocity significantly increases.
Compared to the plasma anemometers introduced in [1, 9, 17] , our method is a low cost, practical, and easy to realize one. Although the existing approaches mentioned above have made great success in airflow measurement, these plasma anemometers also have some limitations, which restrict their development. As reported in [1] , the anemometer adopts DC voltage source, which would cause damage to electrodes and the stable glow discharge is hard to sustain. In [9] , Matlis and Cork have built a constant current plasma anemometer for measuring airflow velocity of several Mach numbers, and this work might be the best one in this field; however, the active constant current control at Mega Hz level is very difficult and expensive. As to [17] , the anemometer can only measure airflow velocity in low-pressure environment. The presented plasma anemometer adopts AC voltage source, which can realize stable glow discharge continually in standard atmospheric air. And the airflow velocity can be obtained by measuring discharge current; the passive control method of presented measuring system is greatly stable, reliable, and easy to realize. After equipping a negative feedback coupling module, the stability of the system has been improved greatly, which makes the measuring range of the presented plasma anemometer higher than the plasma anemometers presented in [1, 17] . Therefore, the presented plasma anemometer has a more widely applicable prospect and deserves to make deeper researches.
Conclusions
In the article, theoretical analysis of plasma anemometer operational principle is introduced to prove the feasibility of experiments. And then the effects of different system parameters are studied. The experimental results show that there is a linear relationship between airflow velocity and discharge current in an allowable error range, which can be applied for airflow velocity measurement; after the appropriate parameters are selected, the system is optimized obviously; with the introduction of negative feedback coupling module, the stability and measurement range of the system have a great improvement. 
